Numerous studies have reported the effects of unintentional gestational exposure to environmental endocrine disruptors, including bisphenol A (BPA, 2,2-bis\[4-hydroxyphenyl\]propane), on the fetus. BPA is an estrogen-mimicking industrial chemical. Exposure to even low doses of BPA may impact human health \[[@r47], [@r49]\]. BPA is used to manufacture polycarbonate plastics and epoxy resins, which are used in various materials in contact with food. Human exposure to BPA is widespread, and more than 90% of Americans \[[@r5]\] and Canadians \[[@r3]\] have detectable levels of urinary BPA. In addition, BPA has been detected not only in adult blood but also in fetal samples, including the placenta \[[@r13], [@r42]\]. A number of reports have suggested that BPA exposure may affect the fetus, infants and young children in terms of development of the reproductive system \[[@r33], [@r41], [@r45]\], brain \[[@r21], [@r32], [@r39]\] and behavior \[[@r49]\] via its action on steroid receptors. A number of studies indicate that perinatal BPA exposure has some influence on anxiety in rodents \[[@r49]\]. These reports have led several countries to ban BPA in plastic baby bottles.

As evidence of the danger of BPA increases, several structural substitutes, such as bisphenol B (2,2-bis\[4-hydroxyphenyl\]butane), bisphenol F (BPF, bis\[4-hydroxyphenyl\]methane), bisphenol S (bis\[4-hydroxyphenyl\]sulfone) and bisphenol AF (4,4-\[hexafluoroisopropylidene\]diphenol), are being used worldwide without restriction to replace BPA \[[@r24], [@r25]\]. Little is known about the risk of these structural substitutes, especially their influence on the fetus. These structural substitutes of BPA have been detected in beverages, canned foodstuffs and human serum \[[@r7], [@r24]\]. One of the most commonly used structural substitutes for BPA is BPF, having a structure in which 2 methyl groups from the middle of BPA are removed ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.The structure of bisphenol A (BPA) and bisphenol F (BPF) and the experimental procedure schema for behavior tests. (A) The structural difference of BPA and BPF. (B) Dams were given olive oil, BPA or BPF orally during late pregnancy. Behavior tests were performed at postnatal week (PW) 10.). According to some reports, BPF shows estrogenic activity, including affinity for estrogen receptors and anti-androgenic activity *in vitro*, which is slightly different from BPA \[[@r20], [@r34], [@r37], [@r38]\]. This suggests that BPA-like adverse effects can also be hypothesized for BPF. However, in contrast to BPA, no study has reported the influence of BPF exposure on the behavior of the fetus.

Many studies of gestational BPA exposure have suggested its influence on anxiety in rodents, and the dosing period given BPA to pregnant rodents has been different in each study. For example, studies have treated rodents with BPA throughout pregnancy and lactation \[[@r23], [@r40]\], from the middle of pregnancy until a few days after birth \[[@r11], [@r14]\] or from the period prior to mating until weaning \[[@r17]\]. Neonates show the effects of BPA even when dams were exposed only during a short period of lactation \[[@r12], [@r31]\]. The effects of BPA exposure limited to pregnancy have also been reported \[[@r8], [@r50]\]. Some reports suggest that BPA is transmitted via the placenta \[[@r2], [@r30], [@r44]\]. Interestingly, BPF residues were detected in fetal tissues, including the brain, after oral administration of BPF to pregnant rats in a late stage of gestation (gestational day \[GD\] 17) \[[@r4]\]. In the present study, we limited the dosing period of BPA and BPF to late pregnancy and used the open field test (OFT), the elevated plus maze test (EPM) and the forced swimming test (FST) to evaluate adult behavior of the offspring.

This report is the first to examine whether BPF, a structural substitute for BPA, has adverse effects on behavior of offspring in later life.

MATERIALS AND METHODS {#s1}
=====================

Animals and treatments
----------------------

Male and female C57BL/6NCrSlc mice 7 weeks of age were purchased from Sankyo Lab Co. (Tokyo, Japan). All mice were maintained in an environment with controlled temperature (22 ± 2°C) and humidity (50 ± 5%) and on a 12-hr light (7:00 AM−7:00 PM) and dark (7:00 PM−7:00 AM) cycle. Food and water were freely available. After acclimatizing for 2 weeks, female mice were placed with males. The morning on which a vaginal plug was detected was considered GD 0.5. Dams were isolated from males. In this study, dams were assigned to 1 of 3 treatment groups: oil vehicle as a control, BPA (10 mg/kg body weight (BW)/d, Kanto Chemical Co., Tokyo, Japan) dissolved in olive oil or BPF (10 mg/kg BW/d, Kanto Chemical Co.,) dissolved in olive oil. The BPA and BPF were dissolved in olive oil to become 1 mg/m*l*, and they were administered with a required amount to be 10 mg/kg BW of treatment mice. The 10 mg/kg BW dose was between the adult systemic "no observed adverse effect level" (NOAEL) of BPA (5 mg/kg/d) in rats and the reproductive and offspring toxicity NOAEL of BPA (50 mg/kg/d) in rats \[[@r46]\]. We adopted this dose of BPF for initial risk assessment, because the NOAEL of BPF has not been determined. Each treatment group consisted of 6 dams, and litters from one treatment group did not come from the same breeder male. Oil vehicle, BPA and BPF were orally (gavage) administered daily from GD 11.5 to 18.5 (late pregnancy; [Fig. 1B](#fig_001){ref-type="fig"}). All offspring remained with their dams until postnatal day (PD) 21. After weaning, they were group housed with same-sex littermates. Offspring consisted of controls (n=23 males and n=20 females), BPA group (n=24 males and n=21 females) and BPF group (n=26 males and n=25 females). Behavioral tests were conducted at postnatal week (PW) 10. All experimental procedures were in accordance with the guidelines of the Committee for Animal Welfare at Rakuno Gakuen University. These guidelines are based on the Directive 2010/63/EU (revising Directive 86/609/EEC) on the protection of animals used for scientific purposes. (Ethics Committee protocol approval number VH25A4, approved 26 June 2013; and VH15A2, approved 23 June 2015.)

Behavioral tests
----------------

We examined the adult behavior of offspring of dams exposed in late pregnancy to BPA and BPF by using the OFT, the EPM and the FST conducted on 3 consecutive days at PW 10. The behavior was recorded and automatically analyzed by a computer with software (TimeOFCR1 for OFT, TimeEP1 for EPM and TimeFZ1 for FST) purchased from O'Hara & Co., Ltd. (Tokyo, Japan). All animals were handled for 1 min per day for the 3 days preceding the OFT to decrease their anxiety levels, while they were carried from their cages to the experimental apparatus. On the examination day, animals with their cages were placed in the behavioral test room at least 1 hr before the test for habituation. All tests were conducted between 1:00--6:00 PM. Each apparatus was cleaned with 70% ethanol, wiped dry and then cleaned with water after each animal. [Figure 1B](#fig_001){ref-type="fig"} shows the schema of the experimental procedure for behavior tests. Offspring that slept or remained immobile for most of the test duration were excluded from the analysis of the OFT and the EPM.

Open field test
---------------

Open field test is often used as an initial screening for anxiety-related behavior in rodents \[[@r1]\]. The OFT apparatus was a square field (50 × 50 × 30 cm). Each mouse was placed into the right corner of the arena and was allowed to freely explore the arena for the duration of the test session. Their behavior was recorded for 10 min under 100-lux light intensity. Behavioral variables measured included the total distance moved and the time spent in the center region, indicators of locomotor activity and anxiety-related behavior. In addition, we recorded and counted the frequency of rearing episodes (standing on hind legs with or without contact with the wall), an indicator of exploratory behavior; the frequency of self-grooming episodes (licking, scratching or cleaning any part of the head or body), an indicator of anxiety-related behavior; and the frequency of stretching episodes (moving only the upper body freely to scan and sniff surroundings without moving the hind legs), an indicator of anxiety-related behavior. Heightened anxiety was inferred from increased the time spent in the center region, the frequency of self-grooming episodes and/or that of stretching episodes. As a result of excluding inappropriate data, the results of OFT consisted of controls (n=23 males and n=20 females), BPA group (n=23 males and n=21 females) and BPF group (n=26 males and n=24 females).

Elevated plus maze test
-----------------------

Sex differences in anxiety behavior are reliably assessed in rodents using the EPM, a well-established paradigm \[[@r1]\]. The EPM has 2 open arms (25 × 5 × 15 cm), 2 closed arms (25 × 5 × 15 cm) and a central square area (5 × 5 cm) binding these 4 arms into a plus shape. The platform was elevated 45 cm above the floor. Each mouse was placed onto the central square area at the beginning of the test, and behavior was recorded for 5 min under 110-lux light intensity. Behavioral variables measured were the total distance moved (a measure of locomotor activity), the time spent in open or closed arms, and the number of open or closed arm entries (a measure of anxiety). Heightened anxiety was inferred from increased time spent in closed arms and/or decreased time spent in open arms. The decreasing of the percentage of open arm entries in total entries also be validated as a measure of heightened anxiety. As a result of excluding inappropriate data, the results of EPM consisted of controls (n=16 males and n=17 females), BPA group (n=18 males and n=18 females) and BPF group (n=21 males and n=22 females).

Forced swimming test
--------------------

The FST, initially developed by Porsolt *et al.* \[[@r36]\], is one of the most commonly used tests for assessing the depressive state in rodents and is often used in BPA studies \[[@r12], [@r18]\]. For the FST, we used a water tank consisting of a transparent cylindrical container (22 × 12 cm) filled to a depth of 15 cm with water at 22 ± 2°C. We placed the water tank in the middle of a box that was controlled at a 200-lux light intensity. Each mouse was placed individually in the water for 6 min, and the percentages of total immobile time were measured. At the same time, the immobile time per 0.5-min was analyzed by a computer. The time of immobility represented a depressive state. Immobility was defined as mice floating motionless with only small movements to keep their heads above the surface of the water. The results of FST consisted of controls (n=23 males and n=20 females), BPA group (n=24 males and n=21 females) and BPF group (n=26 males and n=25 females).

Statistical analysis
--------------------

Comparisons between open-arm and closed-arm results of the EPM within the same group were analyzed by the Student *t* test. Comparisons of behavioral effects between controls and BPA group, and between controls and BPF group were analyzed by Dunnett's one-sided test. A *P* value of 0.05 was considered significant. All results are presented as means ± standard errors (SE).

RESULTS {#s2}
=======

Open field test results
-----------------------

Neither BPA nor BPF exposure significantly altered the total distance moved ([Fig. 2A](#fig_002){ref-type="fig"}Fig. 2.Effects of BPA or BPF exposure in late pregnancy on locomotor activity and anxiety-like behavior of offspring in the open field test (OFT). The parameters are the total distance moved (A) and the time spent in the center region (B) (mean ± standard error \[SE\]). \**P*\<0.05 and \*\**P*\<0.01 compared controls with BPF group.), the frequency of rearing and self-grooming ([Table 1](#tbl_001){ref-type="table"}Table 1.Influence of BPA or BPF on each behavioral frequency during the open field testControlBPABPFMaleFemaleMaleFemaleMaleFemaleRearing64.39 ± 4.8952.2 ± 5.8771.65 ± 4.5551.24 ± 4.0765.07 ± 3.9458.12 ± 2.85Grooming4.57 ± 0.713.75 ± 0.404.04 ± 0.514.29 ± 0.444.37 ± 0.513.42 ± 0.35Stretching3.00 ± 0.551.70 ± 0.462.26 ± 0.383.29 ± 0.48^a)^2.15 ± 0.413.17 ± 0.53^b)^Data are mean ± SE, a)*P*\<0.05 compared controls with BPA group, b)*P*\<0.05 compared controls with BPF group.) as compared with controls. For male mice in the BPA and BPF groups, time spent in the center region was not significantly different from those in the control group ([Fig. 2B](#fig_002){ref-type="fig"}). However, for female mice, significant increases of stretching episodes were found in both of BPA (*P*\<0.05) and BPF groups (*P*\<0.05) as compared with controls ([Table 1](#tbl_001){ref-type="table"}). In addition, BPA and BPF groups significantly decreased the time spent in the center region as compared with controls (*P*\<0.05 and *P*\<0.01, respectively; [Fig. 2B](#fig_002){ref-type="fig"}).

Elevated plus maze test results
-------------------------------

Neither BPA nor BPF exposure significantly altered the total distance moved in the EPM as compared with controls ([Fig. 3A](#fig_003){ref-type="fig"}Fig. 3.Effects of BPA or BPF exposure in late pregnancy on locomotor activity and anxiety-like behavior of offspring in the elevated plus maze test (EPM). Parameters are total distance moved (A) and the time spent in each arm of males (B) and females (C) (mean ± SE). \**P*\<0.05 and \*\**P*\<0.01 compared the time spent in open arms with the time spent in closed arms in the same group. ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 compared controls with BPF group.). In males, significant difference in the comparison between groups was not found in the result of the time spent in each arm. However, as a result of the comparison of the time spent in open arms with the time spent in closed arms in the same group, significant difference was found in the BPA and BPF groups (*P*\<0.05 and *P*\<0.01, respectively; [Fig. 3B](#fig_003){ref-type="fig"}), indicating increased anxiety. In females, the result of the comparison of the time spent in open arms with the time spent in closed arms in the same group showed significant difference in the BPA and BPF groups (*P*\<0.05 and *P*\<0.01, respectively; [Fig. 3C](#fig_003){ref-type="fig"}). The percentage of open arm entries in total entries also showed a significant decrease in the BPF group (*P*\<0.01; Fig. S1). In addition, BPF administration induced a significant increase in the time spent in closed arms (*P*\<0.01) and a significant decrease in the time spent in open arms (*P*\<0.05) as compared with controls (Fig. 3C). These finding indicate that mice in the BPF group experienced more anxiety than those in the control and BPA groups.

Forced swimming test results
----------------------------

The FST was conducted for 6 min on the third day of testing. We compared the percentage of immobile time, considered to be a depressive state, between experimental and control groups. In females, BPF group had significant increased immobility compared with controls (*P*\<0.05; [Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Effects of BPA or BPF exposure in late pregnancy on depression-like behavior of offspring in the forced swimming test (FST). The total time of immobility during the 6-min FST is shown for males and females (mean ± SE). \**P*\<0.05 compared controls with BPF group.). BPA did not affect the percentage of immobility time for either sex. Observation of immobility during each 0.5-min revealed that immobility significantly increased in both sexes in the BPF group early in the examination ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Effects of BPA or BPF exposure in late pregnancy on depression-like behavior during each 0.5-min increment in the FST. The total time of immobility per 0.5-min is shown for males (A) and females (B) (mean ± SE). \**P*\<0.05 and \*\**P*\<0.01 compared controls with BPF group. ^\#^*P*\<0.05 compared controls with BPA group.). In males, a significant increase of immobility was found between controls and BPF groups at 2.5--3 min (*P*\<0.05; [Fig. 5A](#fig_005){ref-type="fig"}). In females, significant increases of immobility were found in the BPF group at 1--1.5 (*P*\<0.05), 1.5--2 (*P*\<0.05), 2--2.5 (*P*\<0.01) and 4.5--5 (*P*\<0.05) min as compared with controls ([Fig. 5B](#fig_005){ref-type="fig"}).

DISCUSSION {#s3}
==========

We administered BPA and BPF to dams orally, because the usual route in humans is oral. The administration period was from GD 11.5 to 18.5 ([Fig. 1B](#fig_001){ref-type="fig"}). [Supplemental table 1](#pdf_001){ref-type="supplementary-material"} shows the number of offspring and ratio of males to females, indicating no significant differences. [Supplemental Fig. 2](#pdf_001){ref-type="supplementary-material"} shows the body weights of offspring of the control and BPF groups; there were no significant differences. There were also no significant differences in the BPA group, as reported in a previous study \[[@r51]\].

In all behavioral tests in the present study, BPF exposure changed the behavior of offspring more significantly than BPA exposure. Significant influences of BPF were found in all behavioral tests, especially in females. In the BPF group, anxiety increased compared with controls ([Figs. 2](#fig_002){ref-type="fig"}, 3 and S1). Male mice typically display more anxiety than females \[[@r16]\], as was the case in our control group. After BPF exposure, however, the results were similar for both sexes, indicating the abolishment of typical sex differences. In addition, BPF increased depressive states compared with controls, which was not the case with BPA ([Fig. 4](#fig_004){ref-type="fig"}). Although BPF is increasingly used worldwide as a substitute for BPA, these findings suggest that BPF induces more negative effects in the fetus than BPA.

Notably, BPA and BPF exposure affected offspring, although the dosing period was restricted to late pregnancy. This period is important for brain function, because the brain undergoes structural and functional changes that continue into the neonatal period. The sex steroids play an essential role in sexual differentiation of the brain, and estrogenic activity of BPA appears to be involved in some sexually dimorphic areas of the brain \[[@r49]\], for instance, the anteroventral periventricular nucleus of the hypothalamus (AVPV) and the locus ceruleus (LC). It was reported that sex differences of these brain areas were affected by BPA and resulted in abolishment of behavioral sex differences in open field test \[[@r22], [@r23], [@r39]\]. Interestingly, our data showed that BPF had a stronger influence than BPA on behavior and the apparent loss of sexual dimorphism, although the estrogenic activity and estrogen receptor activity of BPF are slightly less potent than those of BPA \[[@r20], [@r34], [@r37], [@r38]\]. When considering only estrogenicity, the severe adverse effect of BPF on the fetus could be explained by a larger amount of BPF being transmitted to the fetus via the placenta. However, when considering factors other than estrogenicity, a conceivable cause for the disruption of sexual dimorphism is the greater steroidogenesis of BPF compared to BPA; this causes an increase of progesterone that is not seen with BPA \[[@r38]\]. Progesterone regulates neuroendocrine functions mediated primarily by progesterone receptors in the central nervous system and also plays a role in sexual differentiation \[[@r27], [@r35], [@r48]\]. Because few studies have examined the hormonal actions, especially *in vivo*, of BPF and other BPA substitutes, more investigations are necessary.

In one of the few reports of the influence on the brain by BPF, it was reported that BPF altered multiple gene expression related with dopamine-serotonin system in the prefrontal cortex of juvenile female rats \[[@r6]\]. Dopamine and serotonin have been known to be related to psychiatric disorders \[[@r29]\]. There is a possibility that changes of these gene expression brought the behavioral disruption we showed in this study. Recently, a number of studies have linked the effects of BPA to an epigenetic mechanism disruption, particularly DNA methylation which plays an important role in the regulation of gene expression \[[@r9], [@r15], [@r43], [@r49]\]. BPF has not yet been examined for this effect. To determine the mechanism of BPF influence, we should note that there are possible explanations other than estrogenicity and other hormonal actions for the disruption of offspring behavior.

In adult humans, the metabolism of BPA is primarily mediated by UGT2B7, an orthologue of the rodent UGT2B1 gene \[[@r26]\]. BPF is also metabolized by UGT in human hepatocytes \[[@r10]\]. In a rodent study, fetal hepatic UGT activity on BPF is very weak, and the activity level increases gradually with fetal age, similar to activity on BPA \[[@r52]\]. UGT is weakly expressed in fetuses of rodents and humans \[[@r19], [@r28], [@r30]\], indicating that fetuses are more susceptible to BPA and BPF than adults. We think that human fetuses have possibility to be affected by BPF because long pregnant period may increase the risk to be exposed by BPF even if the exposure level is low. In order to think association with human health, it is necessary to investigate more details, such as other influence and relationship between dose and influence.

In summary, we have revealed for the first time that behavioral disruption of offspring is an adverse effect of BPF administration during pregnancy. In addition, the adverse effects of BPF were larger in magnitude than those of BPA. This study is an important first step toward understanding the effects of BPF. The use of BPF has been increasing, but more investigations are necessary to determine the safety of BPF as a substitute for BPA.
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